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NOMENCLATURE

Symbols

A cross-section area (m?)

Cp specific heat (J/kg K)

D diameter (m)

f factor

AH heat of fusion (J/kg)

HE factor for forced convection heat transfer
coefficient in the helical heat exchanger

h convective heat transfer coefficient (W/m?
K)

k thermal conductivity (W/m K)

L length (m)

m mass flow rate (kg/s)

Nu Nusselt number

n number

Pr Prandt]l number

q heat transfer rate (W)

Ra Rayleigh number

Re Reynolds number

r radial direction or position (m)

T temperature (°C)

t time (s)

|4 volume (m?)

y vertical direction or position (m)

z vertical direction for PCM can or position
(m)

Greek symbols

A liquid fraction

p density (kg/m?)

> summation

Subscripts

can PCM can

coil coil of the helical heat exchanger

conv convection

evap evaporation

f canopy layer

g ground

h hydraulic

hx helical heat exchanger or the fluid in it
high higher boundary

l liquid phase

low lower boundary

m melting point

pcm phase change material

rad radiation

s solid phase

sky sky temperature related

solar solar radiation

wl inner tank water

w2 outer tank water

Abbreviations

ASHP air source heat pump

AWHP air-water heat pump

Ccop coefficient of performance

DPUTB dual-purpose underground thermal battery
DSHP dual-source heat pump

DSM demand-side management

GHE ground heat exchanger

GSHP ground source heat pump

HDPE high-density polyethylene

PCM phase change material

PVC polyvinyl chloride

SBGHE shallow bore ground heat exchanger
TES thermal energy storage

™Y typical meteorological year

TOU time-of-use

UTB underground thermal battery
VBGHE  vertical bore ground heat exchanger
WWHP water-water heat pump



ABSTRACT

Buildings’ thermal energy systems for providing space heating/cooling consume a considerable amount of electricity
nationwide. Integrating thermal energy storage with buildings’ thermal systems has the potential to shave the peak
electric demand and to overcome the mismatch between the intermittent renewable power and the fluctuating daily
demand for electricity. A novel dual-purpose underground thermal battery (DPUTB) has been developed to provide
diurnal thermal energy storage in conjunction with a dual-source heat pump (DSHP)system. A two-dimensional
numerical model is developed to simulate the transient performance of the DPUTB. This model has similar accuracy
as a detailed three-dimensional model developed with commercial heat transfer and fluid dynamics simulation
program but with 1000 times faster computational speed. A parametric study is performed to identify a design of the
DPUTB that can provide 14 kWh thermal storage capacity for each charging and discharging cycle. A system
simulation has been developed to assess the performance of the designed DPUTB when it is integrated with a DSHP
for conditioning a typical residential building in summer and winter. Simulation results indicate that the DPUTB can
meet all the design requirements in both summer and winter with the simple rule-based control strategy and the overall
integrated DPUTB and DSHP system can shift the electric load for meeting the thermal demand from the peak hours
to off-peak hours during a day, which would result in considerable energy cost savings if a Time of Use electricity
tariff is applicable.
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1. INTRODUCTION

Renewable power (solar, wind, etc.) penetration grows quickly in recent years as an effort to reduce greenhouse gas
emissions. However, the intermittent outputs of renewable power raise challenges to the existing electric grids. It calls
for high flexibility from both supply and demand sides. Therefore, efficient energy storage is required.

According to Energy Information Administrator, buildings consume 73% of all U.S. electricity [1] and space heating
and space cooling consume 22% and 14% of the total electricity in residential and commercial buildings, respectively,
on an annual basis [2]. It indicates that space heating and cooling for buildings is responsible for 13% of the total
electricity consumption each year in the U.S. Therefore, the building thermal systems can be utilized as distributed
assets for demand-side management (DSM). Thermal energy storage (TES) allows storing thermal energy generated
with overproduced renewable power, or electricity from the grid during off-peak hours, and using them to meet the
thermal demands of buildings during the on-peak period. Integrating TES with an electric-driven heat pump is a
promising solution to enable flexible electric demand at buildings [3]. It can provide valuable load shifting capabilities
at buildings to reduce the operation cost of utility companies for meeting the demands for electricity without increasing
power generation capacity [4].

Generally, there are two options for applying TES in buildings: passive TES utilizing building thermal mass (e.g.,
wall, roof, or floor) or active TES through thermal storage tanks. Active TES has several advantages over passive
TES, including:

e TES tank can be actively controlled for both charging and discharging operation;

e  Operation of a TES tank would not compromise the thermal comfort of the occupants;

e  Thermal loss of TES tank is lower than building envelopes;

e TES tank is applicable in residential buildings which usually have small thermal mass, and
e TES tank could have a larger thermal storage capacity than building envelopes.

Previous studies have investigated various TES tanks for DSM. Stratified water tanks are widely used due to its
availability and low cost [4-6]. Renaldi et al. [5] proposed an optimization method to minimize the total operating cost
of the system. The simulation result indicated that a 6% energy cost reduction can be achieved with the proposed
system compared with a conventional gas boiler system when a time-of-use electricity rate is available. Arteconi et
al. [4] used TES tanks to shift electric load during 3-hour peak hours to off-peak hours. They concluded that by
integrating a TES tank with a heat pump system, the load shifting can be realized without influencing the indoor
thermal comfort. However, 4% more electricity was consumed compared to the baseline heat pump system (without
TES). Stratified water tanks are also applied for DSM in cooling applications. Yan et al. [6] proposed an active TES
using a chilled water tank in an office building in Hong Kong. The simulation results showed that the proposed system
was able to reduce the capacity of the chiller by 24%. However, 2.6% more electricity was consumed due to additional
pumping and thermal loss from the TES tank. Besides water tanks, phase change material (PCM) tanks [7,8] are also
applied to heat pump systems for DSM to increase the energy storage density. Most previous studies for PCM tank
integrated thermal systems are only for the heating application. Lizana et al. [7] integrated a stratified PCM tank with
an air-water heat pump (AWHP) in a residential building in the United Kingdom and proposed a control strategy to
minimize the electric cost by utilizing a time-of-use (TOU) electric rate tariff. The simulation results indicate a 20%
electricity cost reduction, while the total electricity consumption increased by 8%. Hirmiz et al. [8] studied a residential
ground source heat pump (GSHP) system in Canada, which was integrated with a hybrid PCM and water tank. They
found the system could shift 6 hours of peak electric demand to off-peak hours. By applying PCM, the tank volume
was reduced by 3 folds compared with water tanks.

TES tanks in previous studies are installed above the ground, which not only occupies floor area but also needs heavy
insulation to reduce heat loss. Besides, the cost of the TES integrated thermal system is higher than the conventional
heating and cooling system due to the additional component for the TES tank. As a result, its application is limited
despite its potential benefits to both the building owners and the grid operators.



Air source heat pumps (ASHPs) are more commonly used in the United States than GSHPs due to lower cost and
simpler installation. However, the coefficient of performance (COP) of ASHPs generally is lower than that of GSHPs,
especially in hot or cold weather. Besides, auxiliary heating is typically required for ASHPs in heating-dominated
area, it reduces the seasonal energy efficiency of ASHPs. Large scale application of ASHPs could stress electric grids
in winter. For GSHPs, its application is hindered in the United States due to the high cost of installation. The ground
heat exchanger (GHE), which is used for heat exchange with the surrounding ground formation, accounts for about
30% of the total installation cost of a GSHP system [9]. The most commonly used GHE in the United States is the
vertical bore ground heat exchanger (VBGHE), and the expensive drilling required to create the vertical borehole is
the primary factor contributing to the high cost of VBGHE installation [10].

To address the economic challenge of the VBGHE, researchers have explored several new shallow bore ground heat
exchangers (SBGHE) in recent years. One example of the SBGHE is the basket heat exchanger. A basket heat
exchanger consists of a helical coil wrapped around supporting rods and buried in a shallow borehole, which is 8 m
deep and with a 0.26 m diameter. Field tests of the basket heat exchangers showed that the heat transfer of the basket
heat exchangers is highly sensitive to the thermal conductivity of the backfill material and the surrounding soil [11].
Another kind of SBGHE is GeoColumn [12]. It utilizes a shallow tank (6 m long with 0.76 m diameter), filled with
water and buried in the ground, to exchange heat with the surrounding soil. A heat exchanger coil transfers heat from
arefrigerant to the tank. The water in the tank provides a larger heat capacity than the conventional VBGHE. However,
the cost and performance of this design have not been thoroughly investigated, especially for longer terms. Also, this
design requires a large amount of refrigerant to fill the heat exchanger and may create a difficulty for the lubricating
oil returning to the compressor. Najib et al. [13] described a field test of a helical GHE that was installed in a vertical
borehole with 0.6 m diameter and 6 m depth. The helical GHE is made with high-density polyethylene (HDPE) pipe
and the borehole is backfilled with the native soil. The field test results showed that the average heat transfer rate to
the ground for each SBGHE was limited (335W) due to the low thermal conductivity of the soil surrounding the
SBGHE. The most recently developed SBGHE is the underground thermal battery (UTB), which was introduced by
the researchers from Oak Ridge National Laboratory [14,15]. A UTB is comprised of a tank filled with water buried
in the shallow subsurface of the ground (less than 6 m deep), a helical heat exchanger immersed in the center of the
tank and connected to a water source heat pump, and a small amount of enclosed phase change materials (PCMs),
suspended in the annulus between the heat exchanger and the tank wall to provide the additional thermal capacity to
the tank. A unique “water chimney” design utilizes the vertical temperature gradient of the heat exchanger coil (warm
at the bottom and cold at top) to promote natural circulation within the tank, increasing the heat transfer between the
tank water and the surrounding soil, heat exchanger coil, and the PCM, while maintaining a relatively uniform tank
temperature.

The above-mentioned limitations for the TES tank and the recent development of SBGHE results in a novel hybrid
product named dual-purpose underground thermal battery (DPUTB). It functions as both an SBGHE and a TES tank.
It is installed in a vertical borehole much shallower than that used for typical VBGHE so that its installation cost can
be reduced. Because the TES tank is installed in the ground, it does not occupy any floor or roof space. Moreover,
compared with typical TES tanks installed above ground, the thermal loss from the TES tank of the DPUTB can be
recovered by the SBGHE to improve the operational efficiency of the GSHP system. The DPUTB is a core component
of a novel building thermal system that integrates a dual source (air and ground) heat pump with the DPUTB. In
addition to high energy efficiency, this system can shift electric load and provide flexibility for demand response.
Therefore, it can cut the energy cost of a building by taking advantage of the TOU tariff. If aggregated on large scale,
this system can provide ancillary services to the electric grid and becomes more valuable.

An accurate and computationally effective model is needed to predict the long-term performance of the DPUTB. This
model shall account for the transient ground heat transfer resulting from the varying heat flux at the ground surface,
the heat transfer from the DPUTB, and the large thermal mass of the ground. Besides, the phase changing process of
the PCM needs to be accurately modeled to predict the performance of the TES tank. This first-of-this-kind model is
essential to optimize the design of the DPUTB and to evaluate the performance of the TES integrated heat pump
system.



The structure of this report is as follows: Section 2 introduces the configuration of the DPUTB and its design
parameters; Section 3 presents details of a two-dimensional (2D) dynamic numerical model of the DPUTB; Section 4
discusses the calibration of the 2D model with a detailed three-dimensional (3D) model created with commercial
computational fluid dynamic software (FLUENT version 17.2); Section 5 is a parametric study of the DPUTB to
determine key design parameters; Section 6 presents the simulated seasonal performance of a dual-source heat pump
system integrated with the DPUTB. Section 7 summarizes the findings of this study.

2. DPUTB CONFIGURATION

g Quter tank

\'\ Water/anfi-
A freeze
solution

Helical
— heat
exchanger

Inner tank
(insulation)

2 ’\ 2
PCM cans

Figure 1. DPUTB tank configuration (not in scale)

Figure 1 shows the configuration of the DPUTB tank. The tank is installed in the shallow subsurface (less than 6
meters deep) of the ground. The dimension of the DPUTB tank is limited by the auger drilling technique. Augers are
primarily used for general geomechanics exploration and drilling boreholes used for installing foundation piles or
electric wire posts. For short-flight augers, the depth is limited to the length of the kelly on the drill rig, which is
about 10 to 20 feet (3 to 6 meters) long [16].

The inner tank of the DPUTB works as a TES tank. PCM is applied to enhance its storage capacity. Multiple cylindrical
cans filled with salt hydrate PCMs are immersed in the inner TES tank. The total volume of the PCM is determined
by the desired energy storage capacity and the volumetric energy density of the selected PCM. To have better energy
storage and heat transfer performance, the inner tank is structured as a stratified thermal storage tank. PCM cans are
installed layer by layer with limited space in between. Diffusers/collectors are installed at the top and bottom of the
tank to ensure uniform and steady flow of the heat transfer fluid (water) vertically along with the height of the tank.
The heat transfer fluid flows through the gaps between the PCM cans to freeze or melt PCMs. A proper flow direction
is selected to maintain thermal stratification in the tank. For example, to discharge cooling energy stored in the inner
tank, the heat carrier fluid will flow from top to bottom and exit from the bottom of the inner tank. The flow direction
is reversed when charging the inner tank (i.e. from bottom to top). The main advantage of incorporating TES in the
DPUTB is that it does not occupy any floor or roof space of the building.

The outer tank of a DPUTB works as an SBGHE. A helical heat exchanger is installed in the outer tank that connects
the DPUTB to the source side of the GSHP system. The helical heat exchanger is made with High-Density
Polyethylene (HDPE), which is corrosion resistant in water and has reasonably good thermal conductivity. The flow
direction of the heat transfer fluid in the helical heat exchanger is from bottom to top when rejecting heat to the outer
tank and the flow direction is reversed when extracting heat from the outer tank. This arrangement is to create a reverse
thermal stratification and introduce the natural convection movement of water in the outer tank. It will keep the outer
tank temperature well mixed so that the change of tank temperature, as well as the leaving water temperature of the
helical heat exchanger, in response to a heat/cool input is buffered by the thermal capacity of the entire water body in
the outer tank. The water body can be cooled or warmed by other natural resources such as solar thermal and radiative
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sky cooling [29] to maintain the leaving fluid temperature from the outer tank, which enters the source-side of the heat
pump, within a favorable range to ensure efficient operation of the heat pump. The outer tank is also made with HDPE.

The different functions of the inner and outer tanks result in a large temperature difference between the inner and outer
tank water. Therefore, the inner tank should be insulated to reduce heat exchange between the two water bodies. The
inner tank can be made with polyvinyl chloride (PVC), which is corrosion resistant and has a relatively low thermal
conductivity compared with other plastics. The insulation of the inner tank will be discussed in Section 5.

The default dimensions of a full-size DPUTB tank are listed in Table 1.

Table 1. Dimensions of a full-size DPUTB.

Dimension Value
Tank height [mm] 6000
Inner tank inner diameter [mm] 450
Inner tank wall thickness [mm] 8.6
Outer tank inner diameter [mm] 760
Outer tank wall thickness [mm)] 10
PCM can diameter [mm] 30
PCM can height [mm] 85
PCM can layer [-] 50
# of PCM cans each layer [-] 56
Helical heat exchanger tube outer diameter [mm] 334
Helical heat exchanger tube wall thickness [mm] 3
Helical heat exchanger coil diameter [mm] 720
Total length of the helical heat exchanger coil [m] 60

3. MODEL DEVELOPMENT
3.1. ASSUMPTIONS AND SIMPLIFICATIONS

A two-dimensional (2D) numerical model is developed to simulate DPUTB’s dynamic performance in charging and
discharging operation. This model is to be integrated with other component models of a heat pump system to simulate
the seasonal performance of the DPUTB and the overall heat pump system. The following simplifications are used to
balance the accuracy and the computational effort of the model.

e The cylindrical DPUTB tank and the PCM cans are symmetric along their axis. Therefore the soil and the
PCM cans are simplified as two-dimensional—axial and radial—in cylindrical coordinates.

e  The thermophysical properties of the water, PCM, heat transfer fluid, and the soil surrounding the DPUTB
are homogeneous in each control volume.

e Heat is transferred through conduction in PCM and the soil.

e The water in the outer tank has a uniform temperature. This is consistent with the lab tests and simulation
results of a similar design (the Underground Thermal Battery) [14,15].

e The thermal capacitances of the tank wall and the helical heat exchanger tube are neglected since their values
are negligible compared with other components.

e The top of the DPUTB tank is perfectly insulated.

e The convection heat transfer in the outer tank water is negligible.

3.2 SIMULATION DOMAIN AND BOUNDARY CONDITIONS

The simulation domain of the 2D model is depicted in Figure 2. The DPUTB tank is installed 0.3 m below the ground
surface and the depth of the simulated soil domain is 20 m. The diameter of the soil domain is 20 times that of the
DPUTB to ensure that the thermal impact of the DPUTB will not affect the boundary condition of the soil domain
during an annual simulation. The boundary condition at the side surface of the soil domain is identical to the
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undisturbed soil temperature along with the depth. The boundary condition of the soil at the ground surface is the heat
flux determined by the weather condition, vegetation condition, and ground surface temperature. The boundary
condition at the bottom of the soil domain is assumed with a constant temperature gradient of -25 °C/km [17] to
account for the geothermal heat flux from the core of the earth. Other boundary conditions of the DPUTB include the
flow rate and the inlet temperature of the heat transfer fluid in the outer tank and the inner tank.
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Figure 2. Diagram of simulation domain and boundary conditions

3.3. GOVERNING EQUATIONS

The governing equations for model each component of the DPUTB and the surrounding soil are presented in the
following sub-sections.

3.3.1 Inner Tank Water

The inner tank water is modeled as a one-dimensional thermal mass. The temperature of the inner tank water Ty,1(y,t)
along the vertical axial direction (y) is expressed with Eq. (1):

(ocy) 0Ty1(y.t) _ i( aTwl(y:t)) n mwlcp,wl 0Ty1 (V) + ncanqu;)cm—wl —dqwi1-w2
PepIw1 ™5, ay\ Wi gy ) E T4 ay dVor

(1

If the inner tank water flow direction is from bottom to top, the sign of the second term on the right-hand side is
negative. If the flow direction is reversed, the sign will be positive. If there is not any water flow in the inner tank (i.e.,
the water is kept still), the second term diminishes.

The heat transfer rate between PCM cans and the inner tank water qpcm—w1 is calculated with two equations: Eq. (2)
is for heat transfer rate at PCM can’s top or bottom surface; and Eq. (3) is for heat transfer rate at PCM can’s side
surface.

Tpcm —Tw1
dpcm—w1 = dApcm
Zpom 1 )
kacm hwl—pcm
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The thermal resistance of PCM can’s shell is neglected and it is assumed that the convective heat transfer coefficients
hwi—pem for PCM can’s side surface and the end surfaces are identical. The convection heat transfer on PCM can’s
surfaces is neglected when there is no water flowing through the inner tank. The convection heat transfer coefficient
is determined by [18], as expressed in Eq. (4):

kwlNuwl—pl
hwi—pem = “Drwipl 4)
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The heat transfer rate between the inner tank water and the outer tank water (qw1—w2) can be calculated using Eq. (7):

Twl - TW2
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r 1
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wl—w24TT 1 2TK inner shell

where 71 and 73 represent the inner tank radius with and without shell thickness.

The convection heat transfer coefficient hw1—_w2 is assumed to be identical to Aw1—pcm, and the heat transfer caused
by convection is neglected when there is no water flowing through the inner tank.

The above governing equations are solved numerically. As mentioned in Section 3.1, the inner tank water is discretized
into 50 identical control volumes along y-direction and each control volume has a layer of PCM cans. As previously
stated, it is assumed that the water temperature in each control volume is uniform. The maximum time step used in
the numerical scheme is 30 seconds.

3.3.2. PCM Can

As shown in Figure 1 and Figure 3, PCM cans are in contact with the inner tank water only. Because the water
temperature in each control volume of the inner tank is assumed uniform, the thermal response of each PCM can in
the same control volume is identical. The PCM can is modeled as a cylinder which is symmetric along the axis.
Therefore, the temperature profile within a PCM can is determined using the 2D conduction heat transfer equation, as
expressed in Eq. (8) in cylindrical coordinates:

OTpem(rzt) 10 0T pem(1,2,t) 9 0T pem(12,t)
- 5 - pem” ™ 5 pem™ 5,

at  _ror ar HFP oz ®)

(,0 Cp)pcm
The above equation is discretization and solved numerically using an explicit finite difference scheme. The mesh size
along with both radial and vertical directions is around 5 mm. The corresponding maximum time step is around 15
seconds. The boundary condition of the PCM can is the heat transfer rate between the PCM can and the surrounding
water.
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Figure 3. The layout of PCM cans in each control volume of the inner tank

For PCM phase change simulation, it is assumed that the phase change between solid and liquid happens within a
small temperature range between Ty 10w and Tm,high with no sub-cooling or hysteresis. When PCM’s temperature
is lower than Ty 10w, it is in pure solid-state; when PCM’s temperature is higher than Tm,high, it is in a pure liquid
state. Also, we assume that PCM’s enthalpy has a linear relationship with its temperature [19]. Therefore, the phase
change process can be accounted for by changing the specific heat and thermal conductivity based on PCM’s
temperature as expressed in Equations (9) and (10), respectively. Similarly, the liquid fraction of the PCM can be
determined with Eq. (11).
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Cp,pcm,s + Cp,pcm,l AHpcm i
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The thermophysical properties of the PCM used in this study are listed in Table 2. These data are from a PCM
manufacturer.

Table 2. Default thermo-physical properties of PCM.

Property Value
Melting point [°C] 9.35-9.5
Volumetric energy density [J/m?] 300e6
Thermal conductivity (liquid) [W/m K] 0.54
Thermal conductivity (solid) [W/m K] 1.09
Density [kg/m?] 2200
Specific heat (for both liquid and solid) [J/kg K] 3140




3.3.3. Outer Tank Water

As mentioned in Section 3.1, the entire outer tank water bulk is assumed to be one control volume (zero-dimension)
that has a uniform temperature at any given time. The energy balance of the control volume leads to the following
governing equation [Eq. (12)] for the temperature of the outer tank water T2 (t):

aTWZ(t) quwl—wz + 2:dqhx—WZ - quwz—soil
(pcp)WZ = (12)
at Vw2

The heat transfer rate quw1—w2 has been presented in Section 3.3.1. The heat transfer rate between the helical heat
exchanger and the outer tank water qpx—w2 is expressed with Eq. (13):
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When there is no flow in the helical heat exchanger, the first term in the denominator of the right-hand side of the
equation is neglected. The heat transfer coefficient Apy—w2 caused by the forced convection of the heat transfer fluid
(water) in the helical heat exchanger can be determined by [20], as expressed with Eqs. 14 through 16.
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The heat transfer coefficient hy,2—px caused by the natural convection of the outer tank water can be determined by
[21], as expressed with Egs. 17 and 18.
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where,
Nuy,2—pe = 0.0749Ra%3421 (18)

When calculating the Rayleigh number, the interface temperature should be determined by an iteration method from
an initial guess. This procedure drastically reduces the computational speed of the 2D model.

Similar to the PCM can sub-model, the heat transfer rate between the outer tank water and the surrounding soil
qw2—soil can be expressed with Egs. 19 and 20:
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where 13 and 74 represent the outer tank radius with and without shell thickness.

3.3.4 Heat Transfer Fluid in the Helical Heat Exchanger

A helical heat exchanger is implemented in the outer tank of the DPUTB that connects the DPUTB with the source
side of the heat pump. When the ground heat exchanger function of the DPUTB is activated, heat transfer fluid will
run through the helical heat exchanger and exchange heat with the outer tank water. The following differential equation

[Eq. (21)] can be used to determine the temperature of the heat transfer fluid in the helical heat exchanger Tpy(L,t)
along its flow direction:

(p Cp) hx

0T py(Lt) 6( aThx(L't)> MhxCphx OTp (L)  dqne—w2 1)
= hx - -

ot B OLpy OLpx Ainner tube  OLnx dVpy

The methodology to determine the heat transfer coefficient hyp—px has been presented in Section 3.3.3. The heat
transfer fluid in the helical heat exchanger is discretized into 6 identical control volumes along the flow path and the
above differential equation is solved numerically with an explicit finite difference method. The maximum time step
is 10 seconds to ensure numerical stability.

3.3.5 Surrounding Soil

As mentioned in Sections 3.1 and 3.2, the surrounding soil of the DPUTB is modeled as a 2D hollow cylinder in the
cylindrical coordinate system, considering the ground surface heat flux and the sequential vertical soil temperature
gradient. The governing equation of the temperature profile of the simulated soil domain is expressed as Eq. (22):

0Tsou(ryt) 10 ( 6Tsou(r.y.t)> 9 ( 8Tsoiz(r.y.t)) (22)
ot - r or soill or ay soil ay
The above equation is discretized and solved numerically. The mesh size is 10 cm along both radial and vertical
directions. The corresponding maximum time step is around 900 seconds. The heat transfer rate between the soil and
the DPUTB and the boundary condition at the bottom of the soil domain have been explained in previous sections.

Two other boundary conditions need to be further discussed: the ground surface heat flux and the vertical soil
temperature gradient.

(,D Cp)soil

3.3.5.1 Ground surface heat flux

Ground Surface,g
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Figure 4. Heat flux at the ground surface

The method to determine the heat flux at the ground surface is adopted from the study by Xing and Spitler [22]. The
vegetation above the ground surface is simulated as a canopy, which influences the solar radiation to the ground, as
shown in Figure 4. For residential buildings, the DPUTB can be installed in the backyard, so the vegetation is typically
short grass. The net heat gain at the canopy layer is zero when assuming no thermal mass of the canopy layer, and it
is a function of the canopy temperature Tr. The energy balance for the canopy layer can be expressed with Eq. (23):

qsolar,f + Qrad,sky,f + Qrad,g,f — Qrad,f,sky — Qrad,f,g — Qconv,f — Qevap,f = 0 (23)

Detailed explanations for each term in the above equation are elaborated by Xing and Spitler [22]. By applying
meteorological data and solving Eq. (22), the canopy temperature can be determined. Furthermore, the heat flux at the
ground surface can be calculated, which is the net flux combining qrad,g,f and Gradf.g-

3.3.5.2 Undisturbed soil temperature gradient

The undisturbed soil temperature gradient is the soil temperature that is not influenced by the DPUTB or other
underground heat sources, and it is the boundary condition at the side surface of the soil sub-model. It can be
determined by combining the ground surface heat flux model (Section 3.3.5.1) and a one-dimensional numerical model
of the soil domain along with its depth.

Differential equation under Cartesian coordinate for one-dimensional unsteady heat conduction without internal heat
gain can be expressed with Eq. (24):

0T gpi d 0T soi
soil (So” sml) (24)

psoilcp,soilT = @ a—y

By numerically solving the above equation, the undisturbed soil temperature gradient can be determined.

3.4. SOLUTION METHOD

The DPUTB model integrates all the sub-models described above to calculate the tank water temperatures, heat
transfer rates, and the liquid fraction of PCMs at each simulation time step. The governing equations of each
component model are solved using an explicit finite difference method. As shown in Figure 5, at each finite time step,
the heat transfer rates between each component can be calculated given boundary conditions and components’
temperature profiles, and they are assumed constant during this finite time step. After that, the energy balance
equations of each component at this time interval can be solved explicitly, and the components’ temperature profiles
for the next time step can be determined. The updated temperature profiles are then used for the heat transfer rate
calculation for the next time step. This process continues until the end of the user-specified simulation period.

10
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Figure 5. Flow chart of the calculation procedure of the 2D DPUTB model

4. MODEL CALIBRATION

4.1. 3D MODEL DEVELOPMENT

A 3D numerical model of the DPUTB has been developed to perform detailed heat transfer and fluid dynamics analysis
of the DPUTB. Figure 6 shows the schematic view of the 3D model. In this model, an outer tank with 6.7 m length
and 0.72 m diameter is filled with water. The outer tank is installed in the ground, which is not shown in Figure 6. The
simulated ground domain has 8 m length and 7.2 m diameter to ensure adiabatic boundary condition. A helical heat
exchanger is installed in the outer tank. The heat exchanger is made with a 0.0225 m diameter HDPE pipe. The helical
coil has a 0.7 m and a 0.24 m pitch between the turns. The lower end of the helical heat exchanger is connected to an
adiabatic straight tube standing from the bottom to the top of the tank. The inner tank is 6.7 m long with a 0.47 m
diameter. There are two 0.0225 m diameter openings in the inner tank to allow water flows in and out of the inner
tank. One of the openings is at the top of the inner tank and the other is at the bottom. In the cooling discharge operation,
warm water is injected into the inner tank from the opening at the top; and cold water flows into the inner tank from
the opening at the bottom in the cooling charge operation. This switch of inlet helps to keep the temperature
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stratification in the inner tank for cooling energy storage. Forty-six cylinders filled with PCM are suspended in the
center of the inner tank. The diameter and the length of each cylinder are 0.035 m and 3.8 m, respectively.

The details of the 3D model, including governing equations and boundary conditions, can be found in the paper [14],
where the 3D CFD UTB model has been validated by experimental data. A commercial code, ANSYS/FLUENT (v
17.2) was used to build the model and conduct the simulations. To account for the natural convection movement of
water in the inner and outer tanks, a feature of ANSYS/FLUENT for modeling the gravity change of liquid was utilized.
A piecewise-linear water density was defined in the model by using the property from NIST Chemistry WebBook
[23]. A standard k-& model was used to model the turbulence flow in the tanks as well in the helical heat exchanger.
The water flowing on the surface of PCM cans was defined as laminar flow due to the low speed of water flow. A
built-in “Solidification & Melting” model in FLUENT was utilized to model the solidification and melting of PCM in
the DPUTB. A user-defined function (UDF) was developed to add the external load to the outer tank. The code first
reads the temperature at the outlet of the helical heat exchanger, then calculates the temperature increase based on, the
read temperature, flow rate, and external thermal load, finally assigns the calculated temperature to the inlet of the
helical heat exchanger for the next time step simulation. The UDF code was compiled and implemented as the thermal
boundary condition of the helical heat exchanger inlet in FLUENT. To avoid divergence, the simulation was running
initially in a small time step (1 s). After 60 s simulation time, a larger time step (20 s) was used in the rest simulation.

The 3D model was used to simulate the short-term (8-hour) performance of the DPUTB under the following four
scenarios, which represent the 4 typical working conditions of the DPUTB. The simulation results of the 3D model
for the four cases are used to calibrate the 2D model in the next section.

e Case A: charge the inner tank with 5 °C inlet water temperature at 11.2 1/m (3 gpm) flow rate, and in the
meanwhile reject 4.375 kW heat to the outer tank. This case represents the simultaneous space cooling and
cooling storage operation of a GSHP integrated with the DPUTB.

e Case B: charge the inner tank with 5 °C inlet temperature at 11.2 I/m (3 gpm) flow rate without rejecting any
heat to the outer tank. This case represents the cooling storage operation of the inner tank using an ASHP.

e Case C: discharge the inner tank with 14 °C inlet water temperature at 11.2 I/m (3 gpm) flow rate without
rejecting any heat to the outer tank. This case represents the discharge operation of the inner tank for
providing space cooling.

e Case D: after the inner tank is fully charged (at the end of Case B), stop charging the inner tank and reject
4.375 kW heat to the outer tank. This case represents the standby mode of a fully charged inner tank to assess
the thermal loss from the inner tank before discharging stored thermal energy.

Figures 7 and 8 show simulation predicted tank temperatures in Case A. To visualize the temperature distribution in
the outer tank, Figure 7 illustrates a section view of the DPUTB by cutting off a quarter of the outer tank. The
temperature profiles are depicted in the two cutting planes of the outer tank. Note that the difference between the
maximum and minimum values of the legend in Figure 7 is only 0.5 K, so there is a very small temperature difference
(about 0.5 K) in the outer tank water. It is because the hot water injected at the bottom of the tank warms the water
there and then the lighter warm water at the bottom moves up to the top by the buoyancy force, which creates a natural
convection movement of water in the entire outer tank and well-mixed water temperature. Figure 8 illustrates the
temperature profile in the cross-section of the inner tank along the X-Y plane. As depicted in Figure 8, the temperature
span between the top and the bottom of the inner tank is more than 4 K, indicating significant temperature stratification
in the inner tank. It is because the cold water flows in at the bottom of the inner tank at a low speed and does not
generate natural convection movement in the inner tank.
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4.2. 2D MODEL CALIBRATION

The 2D model is used to predict the performance of the DPUTB under the Case A scenario. Its simulation results are
compared with that predicted by the 3D model. As shown in Figure 9, there are some discrepancies in the simulation
results of the two models. The discrepancies are due to two reasons. The first is the slightly different configurations
of the PCM cans modeled in the two models. Due to the complexity and large scale of the simulation domain, and the
computation limits of the computer running the 3D model, the PCM cans are modeled in the 3D model as a group of
long tubes and there are two small water bodies in the inner tank below and on top of the PCM tubes (Figure 6).
However, in the 2D model, multiple short PCM cans are evenly distributed along the vertical direction, and the PCM
can be charged or discharged right after the operation begins. Compared with the distributed configured modeled in
the 2D model, the charging and discharging of the PCM in the 3D model are delayed until the inlet water pushes
through the water body before the PCM tubes. It can be seen clearly in Figure 9f. The different configurations of PCM
cans also result in a delayed response of the inner tank outlet temperature in the 3D model, as shown in Figure 9e.

The second reason is the uncertainties of the convection heat transfer coefficients in the inner tank and the helical heat
exchanger, which are estimated in the 2D model based on empirical equations, as discussed in Section 3. The
comparison results indicate that the 2D model underestimates the heat transfer rate between the inner and outer tanks
(Figure 9a), and overestimates the thermal resistance of the helical heat exchanger. As a result, the heat transfer rate
between the outer tank and the surrounding soil (Figure 9b) and helical heat exchanger inlet and outlet temperatures
(Figure 9c and 9d) predicted by the 2D model are higher than those predicted by the 3D model.

To more accurately determine the convection heat transfer coefficients, the 3D model results are used to calibrate the
Nusselt numbers used in the 2D model. Through a trial and error process, Nuy,1_p1 (between inner tank water and
the PCM cans) and Nuy,,1—,7 (between the inner tank water and the inner tank interior surface) are increased by 3.5
times from 3.66 to 16.47, and Nuy,2_pyx (between the outer tank water and the exterior surface of the helical heat
exchanger) is increased by 1 time. These adjustments significantly reduce the discrepancies between the results
predicted by the 2D and the 3D models as shown in Figure 9. The discrepancies in the predicted temperatures are less

14



than 0.5°C, the discrepancies in the predicted heat transfer rate are less than 9%, and the discrepancy in the predicted

solid fraction is less than 0.05.
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Although there are small discrepancies between the two models, the computation speed of the calibrated 2D model is
about 1000 times faster than that of the 3D model. For example, simulating an 8-hour charging and discharging process
of the DPUTB takes the 3D model 24 hours while the 2D model only needs 90 seconds.

5. PARAMETRIC STUDY FOR THE INNER TANK DESIGN

While the configuration of the outer tank is relatively fixed, there is some freedom in the design of the inner tank. This
parametric study evaluates the sensitivity of several inner tank design parameters, including the inner tank shell
thermal conductivity, PCM melting temperature, and the inner tank diameter. The results of this parametric study are
used to identify a design for the inner tank that can provide the targeted thermal storage performance.

5.1. INNER TANK DESIGN REQUIREMENT

The inner tank is designed to act as a TES tank to store cooling and heating energy for load shifting in summer and
winter. Because the duration of peak demand of the electric grid is usually 4-5 hours [24-26], the targeted performance
of the inner tank is to provide 3.5 kW thermal power (equivalent to 1-ton cooling capacity) for 4 hours, which means
50.4 MJ or 14 kWh of thermal energy storage. If all this thermal energy is stored with the latent heat of the PCM,
which has a 300 MJ/m? energy density, 0.168 m? PCMs are needed.

Besides the storage capacity, the outlet water temperature of the inner tank during discharging operation is another
key performance indicator. To provide sufficient latent and sensible cooling, the outlet water temperature from the
inner tank should not be higher than 11°C during the discharging operation in summer. To provide effective heating,
the outlet water temperature would be higher than 30°C during the discharging operation in winter. Besides, the
charging time (for changing phase of all the PCMs in the inner tank) should be less than 8 hours to enable the diurnal
operation of the TES.

5.2. OPERATION SCENARIO

The charging and discharging operation of the inner tank with several design variations is simulated with the 2D model
of the DPUTB. For the first 8 hours, the inner tank is charged by circulating 5°C water at 11.3 I/m (3 gpm) flow rate
from bottom to top. In the meanwhile, 4.375 kW heat (representing the condensing heat of a 1-ton GSHP with a COP
of'4) is rejected to the outer tank through the helical heat exchanger by circulating water at 11.3 1/m (3 gpm) flow rate.
For the next 4 hours, the inner tank is discharged by circulating 14 °C water at 11.3 I/m (3 gpm) flow rate from top to
bottom. At the beginning of the operation, anywhere in DPUTB and the simulated soil domain is at 14 °C and all the
boundaries of the soil are adiabatic.

5.3. RESULTS AND DISCUSSIONS

5.3.1. Inner Tank Shell Thermal Conductivity

The thermal conductivity of the inner tank shell would affect the thermal loss quantity of the inner tank. For the
baseline case, the inner tank shell (8.6 mm thick) is made with PCV, which has a 0.19 W/(m-K) thermal conductivity.
In the alternative design, the inner tank shell is insulated with 8.6 mm thick Polystyrene, which has a 0.04 W/(m-K)
thermal conductivity. The simulation results of the baseline and the alternative design are shown in Figure 10.

16



Total PCM Liquid Fraction Profile

Inner Tank Bottom Temperature Profile
14 ——k=0.04W/m K
——k=0.04W/m K - - —k=019WmK .
13 - = —k=0.19W/m K
081
12 4
’ )
en o6t
o
210 £
T
3 9 204
=3 o
g 5
o 8
7 02r
6
0
5 0
0 2 4 6 Time [h]
Time [h]
(b)
(a)
Inner/Quter Tank Heat Transfer Profile 4000 - PCM/Inner Tank Water Heat Transfer Profile
——k=0.04W/m K
3000 | - - —k=0.19W/mK
=) < 2000
2 2
& -000 7 g 1000
> \ s 5
% N . s 0
& > ' &
1500 1 N K = -1000
g N ' g
() ~ ()
T RS ! T -2000
-2000 r R !
——k=0.04W/m K Tel -3000 ¢
- = —k=0.19W/m K
-2500 -4000
0 2 4 6 8 10 12 0 2 4 6 8 10 12
Time [h] Time [h]
(©) (d)

Figure 10. Parametric study result: inner tank shell thermal conductivity

The simulation results indicate that the thermal conductivity of the inner tank shell plays an important role in the
thermal performance of the inner tank. PVC alone without any insulation is not an appropriate solution for the inner
tank shell since it cannot keep the supply water temperature of the inner tank below 11°C during the 4-hour discharging
period (Figure 10a). Figure 10c shows that the thermal loss of the inner tank is reduced by 75% in the alternative
design because of the insulation. It ensures the PCM being fully charged during the first 8 hours (Figure 10b). Besides,
the alternative design results in a more stable thermal energy discharge rate (Figure 10d). Therefore, the insulated
inner tank shell is used in the following two parametric study cases.

5.3.2. PCM Melting Temperature

The PCM melting temperature is a critical parameter for thermal energy storage. In the baseline design, the PCM
melting temperature is set at 9.35-9.5°C, which is in the middle between the 5°C (cooling) charging water temperature
and the 14°C (cooling) discharging water temperature. PCMs with a lower melting temperature may enhance the
cooling discharging rate due to a larger temperature difference between the discharging water and the PCM. Therefore,
an alternative design using a PCM with a 7.35-7.5°C melting temperature is simulated and its performance is compared
with that of the baseline in Figure 11.
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Figure 11. Parametric study result: PCM melting temperature

As shown in Figure 11b, the PCM with a lower melting temperature cannot be fully frozen during the 8-hour charging
period. This is because the temperature difference between the charging water and the PCM becomes smaller.
Although the inner tank bottom temperature (an approximation of the inner tank outlet temperature during discharging)
resulting from using the lower melting temperature PCM is cooler than that of the baseline during at the first 2 hours
of the discharging operation, it is higher than the baseline since then because a smaller amount of PCM is frozen
during the charging period. As a result, the outlet temperature is not maintained below 11°C for 4 hours. The heat
absorbed by the PCM with lower melting temperature drops quicker after 2 hours of discharging (Figure 11d). These
results indicate that, with the same operation scenario, while lowering the PCM melting temperature improves direct
cooling performance at the beginning, it discharges less total cooling energy within 4 hours.

5.3.3. Inner Tank Shell Diameter

The diameter of the inner tank can be adjusted within a range—the lower bound is determined by the required PCM
volume for achieving the desired thermal storage capacity, and the upper bound is limited by the required heat capacity
of the outer tank. The default inner tank diameter is 0.45 m. Alternative designs with a smaller (0.35 m diameter) and
a larger (0.55 m diameter) inner tanks are simulated and their performances are compared with that of the baseline
design in Figure 12.
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Figure 12. Parametric study result: inner tank shell diameter

Figure 12a shows that the overall charging and discharging performance resulting from the three different inner tanks
are similar. Smaller inner tank results in higher cooling output at the early time of the discharging period and a slightly
cooler outlet temperature during a later time when PCMs start melting. This is caused by two factors: (1) higher flow
speed in the smaller inner tank increases the heat transfer rate between the PCM cans and the inner tank water; and
(2) smaller inner tank surface area reduces thermal loss to the outer tank (Figure 12¢). Figure 12b indicates that PCMs
in the smaller inner tank can be fully frozen in a shorter time. PCMs in the large inner tank (0.55 m diameter) are not
fully frozen after being charged for 8 hours and therefore the total discharged cooling from the PCMs during the 4-
hour discharging operation is smaller than that of the baseline and the smaller inner tank.

This parametric study indicates that the inner tank shell thermal conductivity and PCM melting temperature have
significant impacts on the thermal storage performance of the inner tank. The inner tank shell thermal conductivity
should be as low as 0.04 W/(m-K). Using PCMs with melting temperatures lower than 9.35-9.5 °C will decrease the
cooling energy storage capacity given 5°C charging water temperature. The thermal storage performance is not

significantly affected by the inner tank diameter, a 0.45 m diameter is selected because it allows full usage of the
PCM’s latent heat.

6. SYSTEM SIMULATION

The DPUTB model is coupled with simplified computer models of a dual-source heat pump (DSHP) and a single-
family house to simulate the long-term performance of the integrated DPUTB and DSHP system as shown in Figure
13. The DSHP utilizes either ambient air or ground as its heat source/sink. It runs as an ASHP when the ambient air
temperature is favorable for the heat pump to run efficiently. It switches to ground source when the ambient air
temperature is too high in summer (or too low in winter). In this case, the source side of the GSHP is connected with
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the helical heat exchanger in the outer tank of the DPUTB, which extract heat from or reject heat to the outer tank
water and eventually to the surrounding soil of the DPUTB. Using DSHP can reduce the thermal loads to the DPUTB
so that less number of DPUTB is needed for a given building.

e Building . Dual-source heat pump

expansion
valve

evaporator

condenser

Seil L

Dual-purpose underground
thermal battery

Figure 13. Diagram of an integrated DPUTB and DSHP system for a single-family house

6.1. SYSTEM MODELING INFORMATION

6.1.1. Building

The hourly thermal loads of a typical residential building in Knoxville, TN is predicted using the U.S. Department of
Energy’s prototype model [27] and the typical meteorological year 3 (TMY3 [28]) weather data of Knoxville, TN.
The prototype building is a single-family detached house with 223 m? air-conditioned floor space. An ASHP provides
both space cooling and space heating to the building through a central constant volume air system. The nominal
cooling capacity of the ASHP is 2-ton (7 kW). Its nominal COP for cooling is 4.07 (at 35°C ambient air temperature)
and its nominal COP for heating is 3.69 (at 8.3°C ambient air temperature). The ASHP uses a supplemental electric
resistance heater to meet the heating demand when the ambient temperature is low (usually below 7.2°C). The ASHP
is turned on and off to maintain the room temperature between 22.2°C and 23.9°C year-round. The electricity end-use
load profile (EULP) of the building resulting from the ASHP system is used as a baseline to be compared against the
EULP resulting from using the integrated DSHP and DPUTB system.

6.1.2. DSHP and DPUTB

The DSHP is modeled as a combination of two conventional heat pumps: an AWHP for air source and a water-water
heat pump (WWHP) for ground source. The curve fitting models for the AWHP and the WWHP are developed based
on the heat pump models (type 927 and type 941) in TRNSYS 17 [20]. These heat pump models use performance
curves of typical AWHP and WWHP units to predict their heating and cooling outputs and associated power
consumption based on the inlet conditions from the condenser and evaporator. The nominal cooling and heating COPs
of the AWHP and the WWHP are 4.0 and 5.0!, respectively. The switch between AWHP and WWHP is according to

! The source-side entering fluid temperature at the rating condition for WWHP in heating and cooling operations are
0°C and 25°C, respectively.
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the ambient temperature—in the cooling season, AWHP is used when the ambient air temperature is lower than
26.7°C; in the heating season, AWHP is used when the ambient air temperature is higher than 5.0°C. WWHP is used
at other times.

The thermal energy storage capacity of the proposed system is equal to the total thermal load during the on-peak
period of the design day (i.e., the hottest day in summer). It ensures that the stored thermal energy is adequate for
providing space cooling during the entire on-peak period, thus the heat pump can be turned off to reduce electric
demand. The capacity of the DSHP could be smaller than the peak cooling load of the building during a cooling
season, but it is larger than the maximum cooling load during the off-peak period so that it can simultaneously cool
the inner tank for storing sufficient cooling energy while providing space cooling during the off-peak hours. To meet
the cooling loads of the simulated single-family house, two identical DPUTBs are needed, and the nominal cooling
capacity of the DSHP is 1.75-ton (6.125 kW), which is 12.5% smaller than the baseline ASHP.

6.1.3. Electricity Rate

A pilot Time of Use (TOU) electric tariff is used in this study. This TOU electric tariff named ‘Schedule RD’ was
introduced by the Baltimore Gas and Electricity Company for residential customers who have installed smart meters
(currently there is no certain pilot tariff in Knoxville, TN for residential buildings) [24]. According to this tariff, during
summer (July 1 through September 30), the electricity retail price is 0.226 $/kWh between 14:00 and 19:00 on
weekdays, which is defined as on-peak hours, and it is 0.0425 $/kWh for other time (off-peak hours). During other
seasons (October 1 through June 30), the peak hour is between 6:00 and 9:00 on weekdays, and the electricity price is
0.245 $/kWh, while for off-peak hours the price is 0.048 $/kWh.

6.1.4. Control Strategy

The integrated DSHP and DPUTB system can be operated in ten different modes, as listed in Table 3. To achieve
specific goals (e.g., energy cost reduction, load leveling, etc.), different control strategies can be developed to
determine the operation mode at a given time of a day. In this study, a rule-based control strategy is developed to shift
the electric demand of the building from peak hours to off-peak hours so that it can take full advantage of the TOU
electric tariff to reduce the energy cost of the building. The flow charts of this control strategy in cooling and heating
seasons are shown in Figure 14.

Table 3. Operation modes of the integrated DSHP and DPUTB system

Mode Building Load Heat Pump Status TES Status
1 no off off

2 yes off discharge
3 yes air-source off

4 yes ground-source off

5 yes air-source charge

6 yes ground-source charge

7 yes air-source discharge
8 yes ground-source discharge
9 no air-source charge

10 no ground-source charge
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Figure 14. Control strategy for (a) heating season; and (b) cooling season

6.2. RESULTS AND DISCUSSIONS

6.2.1. Cooling Season Performance

The performance of the integrated DPUTB and DSHP system in July is simulated and some featured results for a
single day (July 14) are shown in Figure 15. The shaded areas represent the on-peak period of the day. As shown in
Figure 15a, DSHP is operated during the off-peak period to meet the thermal load of the building and to store cooling
energy in the inner tank. When the ambient temperature (indicated by the yellow triangles) is lower than the pre-
defined switching point (26.7°C), ambient air is used as the heat sink of the heat pump. When the ambient air
temperature is higher than the switching point at the mid of the day, the condensing heat from the heat pump is rejected
to the outer tank of the DPUTB instead. The outlet water temperature of the helical heat exchanger in the outer tank
of the DPUTB (T gHE,0ut), which is the entering water temperature of the heat pump, is maintained below 30°C during
the day. It enables the heat pump to run at high efficiency (COP > 4.6). During the on-peak period, the stored cooling
energy is discharged to meet the thermal load of the building, and the heat pump is completely turned off. The outlet
water temperature of the inner tank (T7Es out), indicated by the red circles, is below 11°C while meeting all the cooling
load during the 5-hour on-peak period. Figure 15a also shows that the solid fraction (represented with the purple line)
drops from 1 to 0.2 during the discharging period. It means that 80% of the solid PCM is melted during the on-peak
period. Figure 15b shows that the electricity demand during the on-peak period is significantly reduced, but the
electricity demand during off-peak hours increases for charging the inner tank. It shows that the electricity demand
for meeting the cooling demand of the building during the 5-hour peak period is shifted and distributed into the 19-
hour off-peak period. On the single day of July 14, the total power consumption during the on-peak period is reduced
by 43% from 15.4 kWh to 8.6 kWh.
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Figure 15. Featured system simulation results on July 14: (a) DPUTB and DSHP operating status; (b) building
EULP resulting from the integrated DPUTB and DSHP system and the baseline ASHP system

The daily profiles of the TTgs our during the on-peak period and PCM’s solid fraction in July are illustrated in Figure
16 and Figure 17, respectively. As shown in these figures, TTgs,ous is below 12°C during the discharging operation
on most days except at the end of the on-peak period on 16th, 18th, 19th, and 20th day of July when the maximum
TrEes,our reaches 13 °C and all the PCM is melted (solid fraction becomes zero). Figure 18 shows TgrEg,our in July
when the DSHP rejects heat to the outer tank of the DPUTB. It can be observed from this figure that the DSHP rejects
heat to the DPUTB more frequently in mid of July when the weather becomes hotter and the maximum TghEg,oue in
July is below 36 °C, at which the DSHP can run with a COP not less than 3.6. These results indicate that the current
design and number of DPUTB can meet the thermal loads with expected performance—the electric load for meeting
the cooling demand is shifted from the on-peak period to the off-peak period, and the TES is fully utilized.
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Figure 16. Inner tank outlet water temperature during the daily on-peak periods in July
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Figure 18. The outlet water temperature of the helical heat exchanger in the outer tank of the DPUTB (i.e., the
source side entering water temperature of the heat pump) in July

The building power consumption and the associated cost in July are listed in Table 4. By replacing the baseline ASHP
system with the DPUTB integrated DSHP system and using the rule-based control, the total power consumption of
the building is increased by 15.3%. This is because the thermal loss from the TES is inevitable, and the COP of the
heat pump on hot days is not much better than the ASHP. To reduce electrical power consumption, a more advanced
control strategy is needed. On the other hand, the on-peak power consumption is reduced by 37% when applying the

proposed system and control, which results in a 15.7% reduction ($21) in the energy cost in July based on the TOU
electricity rate.
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Table 4. Building electricity consumption and associated cost in July

System Control Total electricity consumption On-peak electricity consumption Cost
[kWh] [KWh] [$]

ASHP conventional on/off 1326 421 134

DSHP+DPUTB  rule-based control 1529 264 113

6.2.2. Heating Season Performance

The inner tank can also be used to store heating energy. In cases where the required heating energy storage is larger
than the required cooling energy storage, a different PCM with a high melting temperature (e.g., 40°C) would be used
in the inner tank for storing heat at the desired high temperature. However, in this study, the required heating energy
storage is lower than the cooling energy storage due to the shorter on-peak period (3 hours) and the relatively mild
weather in winter. Therefore the heating energy storage solely relies on the sensible heat of the water and the PCM in
the inner tank. As shown in Figure 19a, the outlet water temperature of the inner tank drops from 37°C to 30°C during
the 3-hour on-peak period when the sensible heat stored in the inner tank is used to meet the building’s heating load.
Because the soil temperature at shallow depth during cold winter days can be lower than the freezing point, propylene
glycol is added to the outer tank water and the helical heat exchanger loop to prevent freezing. In the current heating
season simulation, the mass concentration of the propylene glycol is 20% in the outer tank and 30% in the helical heat
exchanger loop.

The operation of the DPUTB integrated DSHP system in January is simulated. Featured results for a single day
(January 9) are shown in Figure 19. Similar to the cooling season results, the shaded areas represent the on-peak period
of the day. Figure 19a shows that the ambient air is not used as the heat source of the heat pump for the entire day
because the ambient air temperature is always below the pre-defined switching point in heating season (5.0°C),
therefore the DSHP runs in GSHP mode, extracting heat from the outer tank and the surrounding soil. An interesting
and encouraging finding is that even though only sensible heat is stored and used for heating, the stored heat is enough
to meet the heating load during the 3-hour discharging operation without running the heat pump. Figure 19a shows
that the outlet water temperature from the inner tank (TTgs,0ut) is higher than 30 °C after discharging heat to the
building for 3 hours. The outlet water temperature from the outer tank (T gHEg,0ut) varies from 0 to 8°C during the day,
which is higher than the ambient air temperature and enables the heat pump to run at a COP higher than 4 for the
entire day. Figure 19b shows that, during the on-peak period, the electric demand of the building is dramatically
reduced by replacing the baseline ASHP with the integrated DPUTB and DSHP system. The electric demand of the
baseline ASHP is very high during mid-night and early morning when the electric resistance heater is turned on to
supplement the ASHP for meeting the heating load. Compared with the baseline ASHP system, the integrated DPUTB
and DSHP system would have reduced electricity consumption during the 3-hour on-peak period by 78% from 19.2
kWh to 4.3 kWh on January 9. Besides, the EULP of the building over the whole day is also flattened by the DPUTB
and DSHP system. Compared with Figure 15b, the peak electric demand on the typical winter day is very close to the
peak electric demand on the typical summer day. It indicates that the integrated DPUTB and DSHP system can be
used to electrify the space heating of a building without the need to increase the capacity of the existing electric supply
system of the building.
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Figure 19. Featured system simulation results on January 9: (a) DPUTB and DSHP operating status; (b) building
EULP resulting from the integrated DPUTB and DSHP system and the baseline ASHP system

Figure 20 shows the outlet water temperature of the inner tank during daily on-peak periods in January. It can be seen
that the outlet water temperature is higher than 30°C while meeting all the heating loads on most days, except at the
end of the on-peak period on January 21-23, when the outlet water temperature falls between 28°C and 30°C. This
result implies that the sensible heat stored in the inner tank is enough for meeting all the heating loads of the simulated
building during the on-peak period and the PCMs do not have to be changed in winter. Figure 21 depicts the outlet
water temperature of the outer tank in January. Because of the low ambient air temperature in January, the DSHP
extracts heat from the DPUTB instead of the ambient air on most days. As can be seen from Figure 21, the outlet
water temperature, which is the source side entering fluid temperature of the heat pump is not lower than -3°C during
the entire month. It enables the heat pump to run at a COP higher than 3.5. The simulation results indicate that even
though the latent heat of the PCM cannot be utilized during the heating season, sensible heat stored in the inner tank
can allow shifting the 3-hour on-peak electric demand for space heating to the off-peak period without compromising

the occupant thermal comfort in the building. Furthermore, the DPUTB also enables efficient heat pump operation in
winter.
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Figure 20. Inner tank outlet water temperature during the daily on-peak periods in January
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Figure 21. The outlet water temperature of the helical heat exchanger in the outer tank of the DPUTB (i.e., the
source side entering water temperature of the heat pump) in January

The electricity consumption of the building and the associated cost in January are listed in Table 5. Different from the
result in July (Table 4), the integrated DPUTB and DSHP system would have resulted in a 6% reduction in electricity
consumption compared with the baseline ASHP system. It is because that the efficiency gain of the integrated system
over the baseline ASHP system is more than offsetting the thermal loss from the inner tank to the outer tank. In
January, the on-peak power consumption is reduced by 59% by replacing the baseline ASHP system with the
integrated system, resulting in a 27% reduction ($42) in the monthly electricity bill.

Table 5. Building electricity consumption and associated cost in January

System Control Total electricity consumption On-peak electricity consumption Cost
[kWh] [kWh] [$]

ASHP conventional on/off 1951 311 155

DSHP+DPUTB  rule-based control 1833 128 113

The above system simulation results for summer (July) and winter (January) indicate that the current design of the
DPUTB can meet the design requirement for both TES (inner tank) and GHE (the outer tank). The sensible heat in the
inner tank is enough for shifting the electric demand for space heating from the on-peak period to the off-peak period,
and the PCMs do not have to be changed in winter.

7. CONCLUSIONS

A first-of-this-kind dynamic numerical model of the DPUTB has been developed. This 2D model is capable of
predicting the thermal response of the DPUTB with similar accuracy as a detailed 3D model developed using
ANSYS/FLUENT (v 17.2) with 1000 times faster computational speed. The 2D model has been used to conduct a
parametric study for identifying a set of design parameters of the DPUTB that can meet the targeted thermal storage
performance. Furthermore, seasonal simulations of an integrated DPUTB and DSHP system for conditioning a typical
single-family house in Knoxville, TN have also been performed to assess the performance of the integrated DPUTB
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and DSHP system in cooling and heating season. The following conclusions are drawn from the parametric study and
the seasonal simulations:

The inner tank shell thermal conductivity and the PCM melting temperature have significant impacts on the
thermal storage performance of the DPUTB. For an 8.6 mm thick inner tank shell, the thermal conductivity
should not be higher than 0.04 W/(m-K). The PCM melting temperature should be 9.35-9.5°C to achieve the
desired thermal storage performance given the 5°C charging and 14°C discharging water temperature. On
the other hand, the inner tank diameter does not have a significant impact on thermal storage performance.
A 0.45 m diameter inner tank is chosen because it ensures full usage of the PCM latent heat in a 4-hour
discharging period.

A DPUTB with the above-determined parameters can meet the targeted thermal storage performance—
provide 1-ton cooling for 4 hours with lower than 11°C cold water. The DPUTB can be fully charged (i.e.,
change the phase of all the PCMs in the inner tank from liquid to solid) within 8 hours using the 5°C charging
water temperature.

A properly sized integrated DPUTB and DSHP system for a typical single-family house in Knoxville, TN
can shift electric loads for meeting the thermal demands of the building from the on-peak period to off-peak
period. In July, the integrated DPUTB and DSHP system would have reduced on-peak electricity
consumption by 37% compared with the baseline ASHP system. With a typical TOU electricity tariff, this
load shift can result in a 16% energy cost reduction. Even though the TES is designed and sized for storing
cooling energy, its sensible energy capacity is enough for shifting electric load in the heating season. In
January, on-peak electricity consumption can be reduced by 59%, and the corresponding energy cost
reduction is 27%.
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